All type I DnaJ (Hsp40) homologues share the presence of two highly conserved zinc centers. To elucidate their function, we constructed DnaJ mutants that had separately replaced the cysteines of either zinc center I or zinc center II with serine residues. We found that in the absence of zinc center I, the autonomous, DnaK-independent chaperone activity of DnaJ is dramatically reduced. Surprisingly, this only slightly impairs the in vivo function of DnaJ and its ability to function as a co-chaperone in the DnaK/DnaJ/GrpE foldase machine. DnaJ's zinc center II, on the other hand, was found to be absolutely essential for the in vivo and in vitro function of DnaJ. This did not seem to be due to a lack of substrate binding affinity or due to an inability to work as an ATPase stimulating factor. Rather it appears that zinc center II mutant proteins lack a necessary additional interaction site with DnaK, which seems to be crucial for locking-in of substrate proteins onto DnaK. These findings led us to a model, in which ATP hydrolysis in DnaK is only the first step in turning DnaK into its high affinity binding state.
Introduction
The heat shock proteins DnaJ (Hsp40), DnaK (Hsp70) and GrpE form a highly efficient and highly conserved molecular chaperone machinery. Under non-stress conditions, this chaperone system appears to be involved in the folding of newly synthesized proteins, in protein assembly and disassembly and in the translocation of proteins into organelles. Under stress conditions, it plays a role in the protection of proteins against stress induced protein unfolding and in the refolding of unfolded proteins (1) .
The functions of the "foldase" DnaK and the nucleotide exchange factor GrpE are quite well understood. In contrast, however, the roles of DnaJ and its homologues are still somewhat enigmatic (2) . DnaJ consists of four domains that are conserved to various degrees among the homologues. The N-terminal 76 amino acid J-domain defines proteins as members of the DnaJ/Hsp40 family and is, thus, present in all DnaJ/Hsp40 family members (3) . It contains the conserved tripeptide His-Pro-Asp, which is essential for DnaJ-DnaK interactions and for the stimulation of DnaK's ATPase activity (4) (5) (6) . Adjacent to the J-domain resides the glycine and phenylalanine rich G/F domain (residues 77-107). Together with the J-domain, the G/F domain is essential for the maximal stimulation of DnaK's ATPase activity (7) . The central domain of DnaJ is the zinc-binding cysteine rich CR-domain (residues 144-200), which is followed by a poorly conserved C-terminal CTD-domain (8) .
Hsp40 homologues that contain all four domains are called class I DnaJ homologues.
They exert autonomous, DnaK-independent chaperone activity as well as a DnaK-dependent cochaperone activity (9) . The autonomous chaperone activity is characterized by the ability of excess amounts of DnaJ to bind to unfolded substrate proteins and to prevent their irreversible aggregation (10, 11) . The co-chaperone activity of DnaJ, on the other hand, is based on the by guest on http://www.jbc.org/ Downloaded from synergistic interaction of DnaJ and DnaK with substrate proteins and results in the efficient suppression of aggregation at much lower DnaJ concentrations than DnaJ alone is capable of doing. DnaJ works as the "holdase" by binding to and delivering unfolded substrate proteins to the "foldase" DnaK, which folds the protein. Interaction of the DnaJ-substrate protein complex with the DnaK-ATP-substrate protein complex maximally stimulates ATP hydrolysis. This is thought to cause conformational changes in DnaK that increase DnaK's affinity for unfolded substrate proteins and that cause the lock-in of the substrate proteins to the substrate binding site of DnaK (7, (12) (13) (14) (15) .
Class II DnaJ/Hsp40 homologues lack the central cysteine rich zinc binding domain but have two C-terminal domains, CTD1 and CTD2, instead (16). They have not been found to exert any autonomous, Hsp70-independent ability to interact with unfolded substrate proteins.
However, in concert with Hsp70 homologues, they will support the refolding of unfolded proteins such as luciferase in vitro, albeit with about 4 fold less efficiency than class I DnaJ homologues (9) . Class III DnaJ representatives only have the J-domain in common. They appear unable to work as molecular chaperones in vitro. In vivo, they have been found to be involved in protein secretion (17) .
The cysteine rich zinc binding region of class I DnaJ homologues is thought to be involved in the DnaK-dependent chaperone activity based on domain truncation studies and cysteine mutagenesis (9, 18, 19) . However, conflicting results have been reported concerning the role of the entire zinc binding region in the autonomous DnaK-independent chaperone activity (8, 9, 19) . Furthermore, the role of the individual zinc centers in the DnaK-dependent and independent chaperone function of DnaJ has not been investigated. The cysteine rich CRdomain contains four repeated C-X-X-C-X-G-X-G motifs, which are invariable to all class I by guest on http://www.jbc.org/
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DnaJ proteins (20) (21) . It has long been known that the two sulfur atoms of each consensus motif are involved in zinc coordination, resulting in the tetrahedral coordination of two zinc ions per DnaJ monomer (18, 19) . However, the identity of the specific residues involved in each zinc coordination remained unclear until the NMR structure of the isolated cysteine rich domain was solved in 2000 ( Fig. 1) (21) . Prior to the solution of the structure, it was assumed that the four immediately adjacent cysteine residues were involved in each zinc site, with the four N-terminal cysteine residues forming zinc center I and the four C-terminal cysteines forming zinc center II (19) . The solution structure clarified the arrangement of the individual zinc centers and revealed that zinc center I is actually formed by the two non-adjacent cysteine motifs 1 (Cys144, Cys147) and 4 (Cys197, Cys200), which are furthest apart in the primary sequence. Zinc center II is coordinated by the conserved cysteines of the two adjacent cysteine motifs 2 (Cys161, Cys164) and 3 (Cys183, Cys186) (21) (Fig. 1 ). This somewhat surprising arrangement meant that a number of experiments that had been conducted to investigate the function of the zinc centers in type I DnaJ homologues needed to be re-interpreted. For instance, experiments that were designed to disrupt the zinc centers individually, probably only succeeded in altering one zinc center (19) . This also meant that no experiments had been conducted so far, that separately investigated the specific role of these highly conserved zinc centers.
To analyze the exact functional role of the two individual zinc centers in type I DnaJ homologues in vitro and in vivo, we constructed two DnaJ mutants, based on the NMR structure, that had either zinc center I or zinc center II disrupted. Our investigations revealed that zinc center I plays an important role in the autonomous, DnaK-independent chaperone activity of Zinc measurements-The zinc content of DnaJ was determined using a combined PAR/PMPS assay (23) . In this assay, free zinc readily interacts with 4-(2-pyridylazo) resorcinol (PAR) (Sigma) to form a Zn(PAR) 2 complex, which strongly absorbs at 500 nm. To determine the amount of free zinc in the protein solution, 1 µM DnaJ in 30 mM HEPES-KOH, pH 8.2, 120 mM KCl, 15 mM NaCl, 4% glycerol was mixed with 100 µM PAR and the A 500 nm was monitored. To determine the amount of zinc that is cysteine coordinated in wild type DnaJ and the mutant proteins, 2 µl aliquots of a 1 mM p-hydroxymercuri-phenylsulfonic acid (PMPS) (Sigma) titration solution (in 100 µM PAR, 40 mM HEPES-KOH, pH 7.5) were added and the changes in A 500 nm were monitored after each addition, until no further changes were detected (24) . PMPS forms stoichiometric mercaptide bonds with thiols. This leads to the release of zinc into the solution, where it is immediately complexed by PAR, thereby turning the solution red.
A zinc standard was used to determine the extinction coefficient of the Zn(PAR) 2 complex at 500 nm in 30 mM HEPES-KOH, pH 8.2, 120 mM KCl, 15 mM NaCl, 4% glycerol.
CD measurements-All DnaJ proteins were dialyzed against 30 mM phosphate buffer pH 8.2, 120 mM KCl, 15 mM NaCl, 4% glycerol. Then, the protein concentrations were adjusted to 10 µM. Cuvettes with path lengths of 1 or 10 mm were used for far-UV-CD or near-UV-CD, respectively. CD spectra were recorded using a Jasco J810 spectropolarimeter.
Luciferase aggregation and reactivation assay-8 µM firefly luciferase (Sigma) was denatured in 5 M guanidinium-HCl in 30 mM Tris-acetate pH 7.5 for at least 2 hours at RT. Aggregation and reactivation was initiated by a 1:100 dilution into 40 mM MOPS, pH 7.5, 50 mM KCl, 2 mM luciferase aggregation was determined 600 sec after the dilution using light scattering measurements (Hitachi Fluorimeter F4500, λ ex/em = 320 nm, slit widths 5.0 nm).
To determine luciferase reactivation, aliquots were withdrawn and diluted into assay buffer (100 mM potassium phosphate pH 7.8, 25 mM glycylglycine, 70 µM luciferin, 0.2 mM EDTA, 0.5 mg/ml BSA). Luciferase activity was analyzed by monitoring chemiluminescence one minute after the start of the reaction using a Hitachi Fluorimeter F4500 (900 V, λ em = 557 nm, 20 nm slit). The chemiluminescence was followed for 45 sec at room temperature, and the initial activity was obtained by linear extrapolation (25) . 
Determination of DnaK's ATPase activity-

Results
Zinc center II -Essential for the in vivo function of DnaJ
DnaJ's cysteine rich domain forms two zinc centers, each of which is composed of four conserved cysteines (18, 19, 21) (Fig.1) . To investigate the role of the individual zinc centers in the function of class I DnaJ homologues, we decided to construct DnaJ mutants that had either all 4 cysteines of zinc center I (DnaJ∆ZnI) or of zinc center II (DnaJ∆ZnII) replaced by serine residues. To test the in vivo function of the two mutant proteins, plasmids expressing either the mutated dnaJ genes or wild type dnaJ were transformed into the dnaJ deletion strain PK11.
DnaJ deletion strains such as PK11 are unable to propagate λ-growth (27), do not grow at heat shock temperatures (≥ 43 o C) (28) and are unable to swarm (29) . These three phenotypes appear to depend on slightly different functions of the DnaJ protein. We, therefore, decided that analyzing the extent to which the two mutant proteins are able to rescue those diverse phenotypes should provide a valuable first tool to functionally evaluate our mutant proteins. To exclude the possibility that any observed phenotype is due to the under-or overexpression of the mutant proteins, quantitative western blot analysis was performed of PK11 strains expressing the two mutant proteins. We found that both mutant proteins migrated slightly different on SDS-PAGE than wild type DnaJ, but were expressed to levels that were very similar to DnaJ expressed from its own promoter off the chromosome at 37 o C (data not shown).
In vivo analysis of the two mutant proteins revealed dramatic functional differences.
PK11 strains expressing the zinc center II mutant protein failed to grow at 43 o C and formed smaller colonies at 37 o C than PK11 strains expressing wild type DnaJ ( Fig. 2A, B) . Mutants lacking zinc center I, on the other hand, showed no significant growth defect at 37 o C and were able to form small colonies at 43 o C ( Fig. 2A, B) . Moreover, zinc center II mutants were non-motile at 37 o C, whereas zinc center I mutants were fully motile (Fig. 2C ). These functional differences between zinc center I and II mutants were not due to solubility and/or stability problems of the mutant DnaJ proteins. This became evident when λ-growth was tested in these strains. λ-propagation only requires the presence of a functional N-terminal domain of DnaJ (30) and was found to be nearly indistinguishable in both mutant and wild type strains (Table 1) .
These in vivo results provided the first evidence that the two highly conserved zinc To determine whether the zinc centers can form independently of each other, the zinc content of the two mutant proteins and wild type DnaJ was analyzed using the PAR/PMPS titration assay (23, 24) . In this assay, the total amount of zinc, which is specifically coordinated via thiol groups in a protein, can be determined. The assay is based on the presence of the chelator 4-(2-pyridylazo) resorcinol (PAR), which quickly associates with free zinc and forms a bright red Zn(PAR) 2 complex, whose absorption can be determined at 500 nm. When the zinc binding constant of the thiol-containing zinc center exceeds that of the Zn(PAR) 2 complex (K a =2
x 10 12 M in 40 mM HEPES-KOH, pH 7.0), however, addition of PAR is not sufficient to extract zinc from proteins (23) . In this case, thiol-modifying agents such as p-hydroxymercuriphenylsulfonic acid (PMPS) have to be used, which form stoichiometric thiol-mercaptide bonds and cause the release of zinc. We found that both mutant proteins coordinated close to one molecule of zinc per molecule of protein (0.8 + 0.1) via the four remaining cysteines of each zinc center ( Table 1 ). The strict requirement for PMPS to release the zinc from the remaining zinc center of the mutant proteins (1 µM) into a solution containing 100 µM PAR, indicated that the zinc binding constant K a for the individual zinc centers must be still higher than that of PAR under these conditions. These results revealed that each of the two mutant proteins harbor one intact zinc center and suggested that DnaJ mutants, which lack zinc coordination in one zinc center, still retain sufficient protein structure to bind and coordinate zinc in the second zinc center. We, therefore, concluded that the formation of the two individual zinc centers in DnaJ can occur independently.
To determine to what extent the lack of zinc center I or II causes conformational changes in the mutant proteins that might explain the inability of DnaJ∆ZnII to rescue the observed phenotypes, far and near UV-CD spectra were recorded. These spectra showed that neither the secondary structure ( Fig. 3 ) nor the tertiary structure ( Fig. 3 , insert) of DnaJ was significantly disturbed by the lack of the individual zinc centers, suggesting that the individual zinc centers do not play a major role in the overall secondary or tertiary structure of DnaJ. This agreed well with the NMR structure of the isolated zinc binding domain, which showed that this domain forms an autonomous folding domain (21) (Fig. 1 ).
Zinc center II -Required for optimal refolding activity of the DnaJ/DnaK/GrpE system
The DnaK/DnaJ/GrpE chaperone machinery supports the refolding of denatured proteins both in vivo and in vitro (for recent review see (31)). In vitro analysis of the reactivation of chemically or thermally denatured luciferase in the presence of DnaK/DnaJ/GrpE is a widely used way to measure the activity of the individual protein components (11) . This assay has been used, for instance, to show that the presence of full length DnaJ is required to result in high yields of reactivated luciferase, while DnaJ variants that were missing both the cysteine rich zinc binding domain and the C-terminal domain showed no refolding activity (19) . DnaJ mutants that were lacking zinc center II because of mutations in Cys 183 and 186 showed 10-fold reduced activity, while mutants that were lacking zinc center II because of mutations in Cys161 and Cys164 had no activity (19) . This suggested that zinc center II is important and may even be essential for the DnaK-dependent chaperone activity of class I DnaJ homologues. There was also evidence suggesting that zinc center I might be involved in this activity, because mutants in the yeast homologue Ydj1p that were lacking one of the highly conserved zinc center I cysteines, also revealed a significantly reduced ability to cooperate with yeast Hsp70 in the refolding of luciferase (8) .
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To clearly define the role of DnaJ's individual zinc centers in the cooperation with DnaK and GrpE, we utilized this well-established in vitro system to test our mutant proteins. Refolding of luciferase in the absence of any chaperones resulted in less than 10% reactivated luciferase molecules ( Fig. 4A, squares) . In the presence of a 2:10:10 molar ratio of wild type DnaJ:DnaK:GrpE over luciferase, however, more than 80% of chemically denatured firefly luciferase reactivated within the time frame of the experiment (Fig. 4A, closed (19) . Our results suggested, however, that zinc center II might not play a major role in the autonomous, DnaK-independent chaperone activity of DnaJ but might be specifically involved in the interaction with DnaK. In contrast, zinc center I appeared to be involved in the autonomous, DnaK-independent chaperone activity of DnaJ and dispensable for the DnaK-dependent chaperone activity of DnaJ. These results provided the first evidence that the chaperone activity that DnaJ displays when acting in concert with the DnaK/GrpE machinery might be distinct and can be disconnected from the chaperone activity that DnaJ displays on its own.
Zinc center II -Involved in a rate limiting step of the DnaK/DnaJ/GrpE mediated luciferase refolding
In the absence of any chaperones, the refolding rate of luciferase is rather slow. In contrast, however, presence of the optimal 2:10:10:1 molar ratio of DnaJ:DnaK:GrpE:luciferase accelerates the rate of luciferase refolding by about 4-fold (Fig. 4C, closed A quite similar but right-shifted dependence of the reactivation rate on the DnaJ concentration was found when the DnaJ∆ZnI mutant protein was used instead of wild type DnaJ (Fig. 4C, open circles) . Here, the same high reactivation rates were reached, albeit in the presence of higher molar ratios of DnaJ∆ZnI mutant protein to DnaK:GrpE and luciferase. This was consistent with the slightly lower activity of the DnaJ∆ZnI mutant protein under heat shock conditions in vivo. The results also showed clearly that optimal luciferase refolding yields do not necessarily require optimal refolding rates and indicated that absence of zinc center I might be involved in some rate limiting steps in the refolding reaction of luciferase that can be compensated by higher concentrations of the DnaJ∆ZnI mutant protein.
In contrast, however, the DnaJ∆ZnII mutant protein did not accelerate the refolding reaction of luciferase at any concentration used (Fig. 4C, triangles) . Even at a 10:10:10:1 molar ratio of DnaJ∆ZnII to DnaK:
GrpE: luciferase, where 60% of luciferase molecules refolded to the native state (Fig. 4B) , the refolding rate was still similar to the slow spontaneous refolding rate of luciferase. This suggested that the DnaJ∆ZnII/DnaK/GrpE complex was no longer catalytically active. Zinc center II in DnaJ appears to mediate a rate-limiting step in the DnaK/DnaJ/GrpE foldase machinery, which allows DnaJ to accelerate the folding of luciferase and, which, in its absence, can not be compensated by higher concentrations of the DnaJ∆ZnII mutant protein.
Zinc center II -Essential for locking in the substrate onto DnaK?
The inability of the DnaJ∆ZnII mutant protein to function as a co-chaperone in the DnaK/DnaJ/GrpE machinery might be due to a specific inability of this mutant protein to interact with and transfer substrate to DnaK, and not, as suggested by Szabo and co-workers, due to a general lack in substrate binding affinity (19) . To specifically assess the interaction of our two by guest on September 1, 2017
http://www.jbc.org/ Downloaded from mutant proteins with substrate proteins and DnaK, the influence of our DnaJ variants on the aggregation of chemically denatured luciferase was investigated in the absence and presence of DnaK. The buffer and reaction conditions that were used for these experiments were identical to the conditions employed for analyzing luciferase reactivation.
As shown in Fig. 5A , in the absence of any molecular chaperones, chemically denatured luciferase quickly aggregated after dilution into refolding buffer. This is well known and explains the very low yield of refolded luciferase that is obtained under these conditions (Fig.   4A ). In the presence of a 0.5:1 molar ratio of wild type DnaJ to luciferase, the aggregation of luciferase was suppressed by about 50% (Fig. 5A ). Increasing concentrations of DnaJ over luciferase prevented the aggregation even more and a 2:1 molar ratio of DnaJ to luciferase was sufficient to almost completely suppress luciferase aggregation (Fig. 5C ). This reflects the autonomous, DnaK-independent chaperone activity of DnaJ. DnaK by itself, on the other hand, does not influence the aggregation of luciferase even when present in a 10:1 molar ratio to luciferase (Fig. 5B ). This is due to the negligible affinity of DnaK-ATP complexes to substrate proteins (32, 33) . Presence of both DnaJ and DnaK in a 0.5:10:1 molar ratio of DnaJ:DnaK:luciferase, however, completely suppressed luciferase aggregation (compare Fig. 5A with Fig. 5B ). This synergistic effect is caused by the cooperative chaperone action of DnaJ and DnaK (8) . Here, the simultaneous interaction of DnaK with the substrate protein and DnaJ allows DnaJ to stimulate the ATP hydrolysis of DnaK. This is thought to cause the "locking in"
of substrate proteins to the substrate binding site of DnaK, which in turn leads to the effective prevention of luciferase aggregation (8, 12) . Additional presence of GrpE does not influence the aggregation behavior (data not shown) but leads to the efficient refolding of nearly 60% of luciferase under these concentration conditions (Fig. 4B) . Analysis of the DnaJ∆ZnII mutant protein in this assay showed that absence of zinc center II does not significantly influence the ability of DnaJ to interact with unfolded substrate proteins (Fig. 5A,C) but renders the mutant protein unable to productively cooperate with DnaK (Fig. 5B) . In the absence of DnaK, the DnaJ∆ZnII mutant protein was nearly as efficient as wild type DnaJ in interacting with refolding luciferase intermediates and preventing their irreversible aggregation (Fig. 5A, C) . In contrast to the experiments with wild type DnaJ, however, simultaneous presence of DnaJ∆ZnII and DnaK did not cause a further decrease of the light scattering signal (Fig. 5B) . Zinc center II appears, therefore, not to be directly involved in the DnaJ-substrate interaction. This excluded the possibility that the failure of the DnaJ∆ZnII mutant protein to promote and accelerate the refolding reaction of luciferase (Fig. 4) is due to the inability to interact with substrate proteins.
The observed lack of synergistic interaction between the DnaJ∆ZnII mutant protein and
DnaK is also not substrate specific because very similar results were obtained when chemically unfolded rhodanese was used (data not shown). As in the case with luciferase, the DnaJ∆ZnII mutant protein was fully able to bind to folding intermediates of rhodanese and to prevent their non specific aggregation, but additional presence of DnaK did not increase the protective action of the DnaJ∆ZnII mutant protein.
Zinc center II -Providing a second necessary interaction site with DnaK
The observed lack of synergistic DnaJ-DnaK interaction in the absence of zinc center II (12, 13) . This situation is thought to cause the substrate to become locked-in to the high affinity DnaK-ADP complex (12) . We, therefore, decided to utilize this assay to investigate the extent to which absence of zinc center II influences this DnaK-unfolded substrate protein-DnaJ interaction. Single turnover experiments were performed under conditions that were identical to the refolding and aggregation assays described above.
In agreement with the literature, we found that in the absence of unfolded substrate proteins, a 2:10 molar ratio of wild type DnaJ to DnaK stimulated DnaK's ATPase activity approximately 50-fold (Fig. 6, insert) . In the simultaneous presence of unfolded luciferase in a 2:10:1 molar ratio of DnaJ:DnaK:luciferase, a more than 600-fold stimulation of DnaK's ATPase activity was observed (Fig. 6 , closed circles, Table 1 ). When we tested our DnaJ∆ZnII mutant protein it became evident that this high stimulation of DnaK's ATPase activity is not sufficient for optimal foldase activity of the DnaK/DnaJ/GrpE chaperone machine. The DnaJ∆ZnII mutant protein behaved very similarly to wild type DnaJ and stimulated the ATPase activity approximately 70-fold in the absence of substrate (Fig. 6, insert) and about 600-fold in the presence of substrate proteins (Fig. 6 , triangles, 
Zinc center I -Important for DnaK-independent chaperone activity of DnaJ
DnaJ∆ZnI mutant protein showed an at least 10-fold reduced ability to prevent the aggregation of chemically denatured luciferase (Fig. 5C , open circles) and rhodanese (data not shown) as compared to wild type DnaJ, indicating that the absence of zinc center I causes a strong reduction in DnaJ's ability to interact with unfolded substrate proteins. Importantly, the significantly reduced ability of the DnaJ∆ZnI mutant protein to prevent the aggregation of folding intermediates such as luciferase or rhodanese did not appear to influence the DnaKdependent co-chaperone activity of DnaJ (Fig. 5A, B) . In the presence of a 0.5: 1 molar ratio of DnaJ∆ZnI mutant protein to luciferase, no substantial change in the aggregation behavior of luciferase was observed (Fig. 5A ). In contrast, simultaneous presence of DnaJ∆ZnI and DnaK led to a very similar suppression of luciferase aggregation that was observed when wild type DnaJ and DnaK was used (Fig. 5B ). These findings indicated that absence of zinc center I did not significantly impair the interaction between DnaJ and DnaK and explained how the DnaJ∆ZnI mutant protein can be as effective as wild type protein in the DnaK/DnaJ/GrpE mediated refolding of chemically unfolded luciferase (Fig. 4A,B DnaJ, which in turn should decrease the extent of ATPase stimulation. That this was indeed the case is shown in Fig. 6 and summarized in Table I . While the DnaJ∆ZnI mutant protein was nearly as active as wild type DnaJ in stimulating the ATPase activity of DnaK in the absence of substrate proteins, a lower additional stimulation of DnaK's ATPase activity was observed when unfolded luciferase was present (Fig. 6 , open circles). This might explain why higher concentrations of the DnaJ∆ZnI mutant protein are required during the luciferase refolding reactions to achieve maximal luciferase refolding rates (Fig. 4C ).
Discussion The two independent zinc centers in DnaJ
What is the specific role of the two highly conserved zinc centers in the widely distributed class I DnaJ homologues? A number of studies have been conducted to study the involvement of this region in the autonomous, DnaK-independent substrate binding activity as well as in the DnaK-dependent co-chaperone activity of class I DnaJ homologues (8, 18, 19) .
However, most of these studies were based on the presumption that the four N-terminal cysteines are involved in forming zinc center I and that the four C-terminal cysteines are involved in forming zinc center II . Only when the NMR structure of the cysteine rich domain was solved, the correct zinc coordination became evident ( in the isolated cysteine rich domain, absence of zinc has been shown to cause the unfolding of the β-hairpin structure (21) . When zinc was titrated back into the metal free cysteine rich domain, zinc center II formed first and independently of zinc center I, while zinc center I only formed when the Zn 2+ to protein ratio was increased above 1. This led the authors to conclude that folding of the two symmetric zinc sites is zinc dependent and that one site forms before the other (21) . Our studies now showed that both mutants of DnaJ are able to correctly assemble the one remaining zinc center. This suggests that the unfolding of one zinc center might not affect the second zinc site. The differences between our results and those obtained previously could be based on the DnaJ constructs used. While we performed our analysis with full length protein, Martinez-Yamout and co-workers used the isolated zinc binding domain. The two zinc centers I and II, which fold into symmetric zinc binding modules, form the "wings" of a Vshaped structure ( Fig. 1) (21) . Two antiparallel β-strands form the outside of each zinc center.
In zinc center II, the β-strands are connected by a β-hairpin loop, while in zinc center I the N-and C-terminal strands need to approach each other to form the β-strands (Fig. 1B) . It is, therefore, conceivable that in the isolated cysteine rich domain, absence of zinc coordination in zinc center I causes the separation of the N-and C-termini and, therefore, the spatial separation of the two cysteine motifs of zinc center I. This would make re-coordination of the metal in zinc center I significantly more difficult than in zinc center II, where the four cysteines are relatively close in the primary sequence.
Zinc center I: High affinity binding site for unfolded substrate proteins
Functional analysis of our mutant proteins revealed that zinc center I is involved in the high affinity binding of unfolded substrate proteins. This activity, which allows DnaJ to bind to by guest on September 1, 2017
http://www.jbc.org/ Downloaded from non native proteins and prevent their non-specific aggregation processes in vitro, has been characterized as the autonomous DnaK-independent chaperone activity of DnaJ (10,11). Zinc center I, which is built by two inter-linked turns is connected with zinc center II via a long loop that forms the central base of the "V-apex" (Fig. 1B)(21) . This central part of the cysteine-rich domain harbors a groove of conserved and hydrophobic residues, which has been suggested to be a potential substrate binding site of DnaJ (Fig. 1C) (21) . It is conceivable that unfolding of zinc center I extends into this adjacent loop region. This could change the conformation of this putative substrate binding site and therefore, reduce its ability to interact with unfolded substrate proteins.
Until now, the autonomous DnaK-independent chaperone function of DnaJ has always been linked to the DnaK-dependent chaperone activity and was thought to be a necessary functional requirement for DnaJ to present unfolded substrate proteins to DnaK. We have now discovered that this high affinity substrate binding activity of DnaJ appears to be largely dispensable for the synergistic interaction of DnaJ with DnaK. Zinc center I mutant proteins, which show at least a 10-fold reduction in their ability to bind unfolded substrate proteins, are not significantly impaired in their cooperative interaction with DnaK to suppress protein aggregation or in their ability to refold unfolded proteins when acting as part of the DnaK/DnaJ/GrpE chaperone machine. This suggested that a much more transient interaction between DnaJ and unfolded substrate proteins must be sufficient for the cooperative interaction with DnaK-substrate complexes. These findings agree with functional studies of class II DnaJ homologues such as Sis1p, which appear to lack the autonomous chaperone activity, but are able to interact with Hsp70 to suppress protein aggregation and to refold non-native proteins (9) . shows little effect on the ability to suppress the aggregation of unfolded proteins such as luciferase (38) . This is presumably because the autonomous, DnaK-independent high affinity binding site of zinc center I is still functional in these mutants.
Zinc center II-A new interaction site with DnaK
Previous studies that were conducted to identify the role of zinc coordination in the function of DnaJ led to the conclusion that DnaJ's zinc center II plays a significant role in the DnaJ/DnaK/GrpE mediated refolding of unfolded proteins (19) . The authors explained their observed effects with the significantly reduced ability of these mutant proteins to bind to unfolded substrate proteins and to prevent their aggregation (19) . These findings did not agree with our mutant protein studies that showed that lack of the complete zinc center II did not significantly change DnaJ's ability to interact with unfolded proteins such as luciferase or rhodanese. We do not know the reason for the observed discrepancy but by performing all of our aggregation, refolding and ATPase studies in the same buffer supplemented with identical amounts of ATP and co-chaperones, we were able to exclude the possibility that even small differences in the conformational stabilities of our mutant proteins might influence the outcome of our experiments.
We found that absence of zinc center II specifically affects the ability of DnaJ to convert (w) DnaJ∆ZnII on the aggregation of chemically denatured luciferase. The conditions used were identical to the ones described above. The light scattering signal after 600 sec in the absence of chaperones is set to 100%. 
